THE ROLE OF IRRIGATION IN DETERMINING THE GLOBAL LAND USE IMPACTS OF BIOFUELS Abstract
In recent years there has been a flurry of activity aimed at evaluating the land use consequences of biofuels programs and the associated carbon releases. In this paper we argue that these studies have tended to underestimate the ensuing land use emissions, because they have ignored the role of irrigation, and associated constraints on cropland expansion. In this paper, we develop a new general equilibrium model which distinguishes irrigated and rainfed cropping industries at a global scale. Using the new model we evaluate the implications of land use change due to US ethanol programs, in the context of physical constraints on the expansion of irrigated cropland. We find that models which mingle irrigated and rainfed areas underestimate the global land use changes induced due to the US ethanol expansion by about 5.7%. They tend to underestimate the corresponding land use emissions by more than one fifth.
Introduction
Previous research into the global land use impacts of biofuels has assumed that cropland area could expand in most regions of the world. Such estimated expansion into more carbon-rich land cover such as grassland or forest is the focus of recent research into the contributions of indirect land use changes (ILUC) to the GHG impacts of biofuels. Several studies have examined the global land use consequences of biofuel production (e.g. Gurgel et al., 2007; Searchinger, et al., 2008; Hertel et al., 2010 , Taheripour et al., 2010 , Tyner et al. 2010 , and Taheripour et al., 2011 . However, all of these studies have effectively treated all cropland as being rainfed. The role of irrigation in biofuel-induced cropland expansion has been wholly ignored. This could introduce systematic biases in the measurement of indirect land use emissions due to production of biofuels.
Irrigated croplands typically have much higher yields than their rainfed counterparts in the same country/Agro Ecological Zone (AEZ). Thus, the question of whether expansion of global cropland cover involves irrigated or rainfed lands makes a significant difference in terms of how much new land will be required to provide the additional production called for in the presence of biofuels. If the new lands are irrigated, and therefore have higher yields than rainfed lands in the same AEZ, then less land conversion will be required. However, if expansion of irrigated area is constrained, either due to insufficient water, or due to insufficient capacity, then the answer could be quite different. In general, since irrigated yields exceed rainfed yields, if expansion of irrigation is constrained, it is likely that more cropland area will be required to meet the additional global demand induced by ethanol production.
A recent report by McKinsey & Co (2009) , offers an assessment of water availability over the coming two decades, drawing heavily on the IFPRI water model (Cai and Rosegrant, 2002) . They start at the river basin level and calculate water demand based on current technology and expected growth in agricultural and industrial output as well as population. In the absence of efficiency gains, they estimate that water demand will exceed existing sustainable, reliable water supply by 40% in 2030. Furthermore, this global gap masks much more serious water gaps at the level of individual river basins. They estimate that one-third of the world's population in 2030
will live in basins where the projected gap is greater than 50 percent. In summary, it appears that water for agricultural irrigation will become much more expensive in the future -no doubt spurring considerable efficiency gains, but also raising the cost of production and sharply limiting the amount of land on which crops can be economically grown.
In addition to leading to an understatement of global area requirements, omitting explicit analysis of irrigation, and associated constraints, is likely to shift the distribution of land use changes towards dry (currently irrigated) regions with lower land use emission factors (less above-ground carbon). In the presence of irrigation constraints the distribution of land use changes induced by biofuel production will shift towards areas where expansion of rainfed agriculture is possible. These regions tend to be more carbon rich and therefore exhibit higher emissions factors. Hence, earlier models which ignore the role of irrigation in crop expansion tend to underestimate the ILUC emissions due to biofuel production. In this paper we explore the impacts of water constraints on the ILUC emission estimates due to US ethanol production.
To accomplish this task, given the fact that a large-scale expansion in biofuels affects a broad range of economic activities at a global scale, a global Computational General Equilibrium (CGE) model is developed building on the recent work of Taheripour, Hertel, and Tyner (2011: henceforth THT). Those authors developed a global CGE model which handles production, consumption and trade of biofuels along with other economic activities, and which is capable of tracing the land use impacts of expansion in biofuels. Similar to most other models used for this purpose, THT ignores the role of irrigation. In this paper, we remedy this previous limitation.
We begin by modifying the GTAP Data Base to distinguish irrigated and rainfed agriculture. Here we follow the pioneering work of Portmann et al. (2010: henceforth PDS) who develop a land use data base which provides data on harvested area and crop production by 29 crops and 160 countries/regions at the 0.5x0.5 degree grid cell level. These spatially disaggregated data are aggregated to the level of 18 GTAP-AEZs, while maintaining the distinction between irrigated and rainfed crops. Using the information obtained from this data set, all crop industries presented in the v.6 GTAP Data Base are broken into irrigated and rainfed categories.
In the second step, the GTAP-BIO-AEZ model used in THT is extended and modified to handle production, consumption, and trade of irrigated and rainfed crops. To accomplish this task, all components of the GTAP-BIO-AEZ model including: production, demand, and supply functions as well as market clearing conditions are revisited. In this revised model, it is assumed that, for each crop, the irrigated and rainfed industries produce the same commodity (e.g. wheat)
which enters the market and sells for the same price. This homogeneity assumption means that it is possible for irrigated production of any given crop to be completely eliminated if competition for irrigated land is sufficiently intense in a given region. This is an important distinction from the modeling approach of Alvarado et al. (2011) which assumes that irrigation water is simply one of many inputs into a national production function.
This revised model is used to conduct a series of experiments which permit us to revisit the global land use impacts of biofuels expansion, comparing the findings to those previously obtained while ignoring the distinction between irrigated and rainfed agriculture. The first experiment assumes that there is no water constraint across the world and that irrigated area can be expanded wherever economic incentives dictate, in response to expanded US ethanol production. In the second experiment, we impose a set of water scarcity constraints, defined based on information from the International Water Management Institute (IWMI). These prevent expansion of irrigated area in regions where physical water scarcity is currently active. The ILUC results associated with these two models are found to bracket the results generated when failing to distinguish rainfed and irrigated agriculture.
In what follows, we first review the literature on land use changes due to biofuel production. Then we explain construction of a new GTAP Data Base which we build to accomplish objective of this paper. After that we introduce modifications which were made in the GTAP-BIO-AEZ model to handle production of irrigated and rainfed crops. The next section defines our experiments and introduces areas where irrigation cannot be expanded due to water scarcity. Then we present the simulation results. The last section provides conclusions.
Literature Review
Land use changes and their consequent emissions induced by crop expansion due to biofuel production have proven to be a controversial topic, resulting in a rapidly proliferating literature. The early papers suggested that biofuel production could have extraordinary land use implications (Searchinger et al. 2008 , Fargione et al. 2008 . Figure 1 shows that more recent studies find the early estimates to have overstated the land use implications of US ethanol production , Taheripour et al., 2010 , and Tyner et al., 2010 
Data Base Construction
In this paper we extend the GTAP-BIO-AEZ data base used in Taheripour et al. (2011) to incorporate crop industries by irrigation type. In so doing, we rely on the pioneering work done
by PSD who develop a data base which provides data on harvested area and yield by irrigation type for 29 groups of crops and 160 countries/regions at the 0.5x0.5 degree grid cell level. We achieved this split through two steps which are explained in sequence below.
Determining harvested area and crop production by irrigation type
Based on the PSD data set we divided the harvested area and crop production of the SAGE/GTAP data base documented in Monfreda et al. (2008) , into two categories of rainfed and all AEZs. In this newly constructed data base, about 23% of the global harvested area is irrigated, while global irrigated lands account for about 38% of global agricultural outputs (measured by weight). This indicates that irrigated lands are more productive versus rainfed lands. The global average yields for irrigated and rainfed areas are about 10.8 mt/ha and 5.3 mt/ha.
To understand the role of irrigation in crop production, we review the new data base from different angles. First, consider the geographical distribution of harvested area and crop production regardless of irrigation type. Table A2 shows that about 57% of global harvested areas belong to India (14.3%), China (12.6%), Sub Saharan Africa (10.7%), US (10.3%), and EU (9%) regions. Table A3 represents global distribution of crop production. This table indicates that the shares of India and Sub Saharan Africa in global crop production are about 9.5% and 4.4%, respectively. These figures are less than the shares of these regions in global harvested area. The share of China in global crop production is about 14.4%, moderately higher than its share in global harvested area. However, the shares of US and EU in global crop production are about 15% and 15.2% which are considerably higher than their shares in global harvested area.
This indicates that the US and EU croplands are physically more productive compared to the world average productivity of land. Now consider the global distributions of harvested area and crop production by irrigation type. Table A2 and Figure 2 indicate that about 60.3% of global rainfed harvested areas belong to Sub Saharan Africa (13.3%), India (11.6%), US (11.3%), EU (10.6%), and China (9%). Table   A3 and Figure 3 show the global distribution of the rainfed crop production. They indicate that the shares of Sub Saharan Africa and India in the rainfed crop production are respectively about 5.9% and 5.4%, respectively. These figures are significantly lower than their corresponding shares in the harvested rainfed areas. However, the shares of US and EU in the global rainfed crop production are about 16.2% and 20.5%, which are significantly larger than their shares in the global rainfed harvested areas. These figures indicate that productivities of the rainfed crops in these two regions (in particular in EU) are relatively higher than the world average.
Consider now the global distributions of harvested area and crop production for irrigated practices. Table A2 and Figure 2 show that more than 65% of the global irrigated areas belong to the Asian countries and regions, including such as China (24.6%), India (23.2%), and all countries located in South East Asia (18%). After these regions, the largest area of irrigated land belongs to the US which owns about 7.2% of the global irrigated areas. On the other hand, Table   A3 and Figure 3 indicate that China, India, and US supply about 16%, 16%, and 13% of irrigated crops, respectively. These figures show that, while China and India control about half of the global irrigated areas, they account only for 32% the global irrigated crops. This figure shows that irrigated croplands typically have much higher yields than their rainfed counterparts in each region. This figure shows that in Brazil there is a major difference between the yields of irrigated and rainfed lands. This is due to the fact that irrigated sugarcane provides much better yield than the rainfed. In preparing Figure 5 we summed up harvested areas and outputs over all types of crops and AEZ. To examine differences between the irrigated and rainfed yields by crops now consider Figure 6 which shows differences between the irrigated and rainfed yields for six crop categories for the major crop producer countries of US, EU, China, and India. This figure shows that in all of these counties irrigated and rainfed yields are different for each and every crop. It also indicates that yields are usually higher in US for almost all crops, with few exceptions. EU yields for the irrigated oilseeds and the rainfed wheat are higher than other regions. Among these 4 regions, India has the lowest yields for all 6 crop categories. Figure 6 shows that the US rainfed and irrigated national yields are not very different for coarse grains. However, this is clearly a function of compositional effects, since, as Figure 7 shows, US rainfed and irrigated coarse grains at the AEZ level are very different. The largest differences between the rainfed and irrigated coarse grains yields arise in the drier AEZs, including AEZ7, AEZ8, AEZ13, AEZ14, which produce irrigated corn. However, in the Midwest areas where the rainfed corn is the dominant crop (mainly AEZ10 and AEZ11) there is no major difference between the irrigated and rainfed yields suggesting that irrigation in these regions is largely an occasional supplement to normally ample rainfall.
Splitting GTAP Data Base
The next step in constructing the irrigation-augmented model is to divide each and every crop activity in the GTAP data base into two crop industries representing irrigated and rainfed production using the SplitCom program (Horridge, 2005) . We establish the split process based on the following assumptions. First, we assume that the irrigated and rainfed products are homogeneous. This means that the price of rainfed wheat and irrigated wheat are the same, and so on for other crops. Second, we assume that the rainfed and irrigated crop producers pay the same price for a given input. This means that, for example, the price of seed is the same for both producers. Third, we assume that the input-output ratio is the same for both rainfed and irrigated production. This means that the same amount of fertilizer is required to produce a ton of wheat, regardless of whether it is irrigated or rainfed. When combined with the equal output and input price assumptions, this implies that the cost shares are the same for each input used in the two industries. For example, the cost share of labor in the irrigated wheat industry must be the same as the cost share of labor in the rainfed wheat industry. Since the value of output per hectare will be higher on irrigated land (due to higher yields), and since the share of this higher value going to land is the same as for rainfed land, then the returns to irrigated land will also be higher.
These assumptions provide a theoretical basis for using SplitCom to divide each and every crop industry of GTAP into two distinct industries of irrigated and rainfed. The SplitCom program needs exogenous information on the shares of irrigated and rainfed industries in the sales, costs, and trade items of each crop industry to carry out the split process in each region (Horridge, 2005) . To provide the required exogenous information, we calculated the shares of irrigated and rainfed quantities of production of each crop in total production of that crop. Then we run the SplitCom program sequentially to split each and every crop industry of GTAP into two distinct industries of irrigated and rainfed. Note that these procedures are made at the most disaggregated level of GTAP Data Base and then we aggregate the results to the 19 region level used in this paper.
Modification of the GTAP-BIO model
The standard GTAP modeling framework uses a one to one relationship between industries and commodities. This means that in the standard framework each industry produces only one commodity and each commodity is produced only by one industry. The GTAP-BIO modeling framework extended this tradition and considers production of two commodities by a single industry in order to handle biofuel by-products (Taheripour et al. 2010) . In this paper we extend the GTAP-BIO model so that each crop could be produced by two different industries, one irrigated and one rainfed. In this model it is assumed that for each crop the irrigated and rainfed industries produce the same commodity (e.g. wheat) which enters the market and sells for the same price. This homogeneity assumption means that it is possible for irrigated production of any given crop to be completely eliminated if competition for irrigation is sufficiently intense in a given region. In particular, we introduce the following percentage change form equations into the model to handle production of one homogeneous commodity by two distinct industries:
In the above equations pi and qi represent percent changes in the price and quantity of j at the industry level and ps and qo represent their corresponding percentage changes at the commodity market level (where there is no distinction made about method of production). The variables qf and pf stand for percentage changes in prices and quantities of inputs used for crop production at the industry level. Finally, S jk represents the cost share of input k in industry j, is the elasticity of substitution among intermediate inputs, and is the share of crop c supply by irrigation type w.
Equation (1) ensures that irrigated and rainfed industries which produce the same crop (e.g. wheat) will receive the same price and that the prices at the industry and commodity levels are the same. Equation (2) is the zero profit condition for each crop industry. Equation (3) represents the demand for intermediate input k in crop industry j, and finally equation (4) 
Experimental Design
To analyze the role of irrigation in determining the global land use consequences of biofuels we undertook three experiments. In the first experiment, we use the modeling framework developed in THT to assess the land use impacts of ethanol production. This experiment represents earlier work which failed to distinguish between irrigated and rainfed lands. Henceforth, we refer to this case as mingled experiment.
The second and third experiments are built based on the new model developed in this paper. In the second experiment, it is assumed that there is no water constraint anywhere in the world; if so desired, irrigated land can be expanded as long as it is profitable. Henceforth, we refer to this case as unconstrained experiment.
Finally, in the third simulation we limit expansion of irrigation in those areas where water supply is limited and cannot be expanded. To accomplish this task we rely on the data provided by IWMI
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. This institute provided a map which shows water scarcity across the world. The map distinguishes three groups of water scarcity. The first two groups represent the areas which are currently facing with physical water scarcity or approaching to this constraint. The third category shows the areas which are facing with economic constraints to use water resources (Map 1). In this paper we collapsed the first two types of water scarcity to determine the regions which are facing with water limits and hence we assume that irrigation cannot be expanded in those areas.
Since economic constraints are built in the GTAP Data Base, we do not impose any a priori restriction on the expansion of irrigation in the areas are indicated as being constrained for economic reasons. Henceforth, we refer to this case as constrained experiment.
In all experiments developed in this paper we simulate the land use consequences of an increase in US ethanol production from its 2001 level to 15 billion gallons, which is the mandated level of ethanol for 2015. Following Hertel et al. (2010) , in these experiments we only shocked US ethanol to isolate impacts of US ethanol production from other factors which shape the world economy. In these experiments we also use the same elasticities and parameters as used in THT. The only exception is related to the newly introduced land transformation elasticity between the irrigated and rainfed croplands in the land supply tree. To represent a fluid movement between the irrigated and rainfed cropland in response to economic incentives we set  2 =10. This high value of the land transformation elasticity facilitates land conversion from rainfed areas to irrigated areas if the latter become relatively more profitable in the wake of increased ethanol production. 1 indicates that the irrigation constraint significantly expands the shares of the US, Canadian, and Sub Saharan African regions, while reducing that for Other-CEE-CIS.
Simulation results

Land use changes
The composition of land conversion also changes when we move from the unconstrained case to the constrained one. Since rainfed agriculture is more likely than irrigated agriculture to compete with forest, the constrained case shows greater conversion of forest compared to the unconstrained case globally (up from 28.9% in the unconstrained case to 31.5% in the constrained case, see Table 2 ). However, the share of forest in the US does not vary significantly across these two cases. Table 2 indicates that the mingle case significantly underestimates the share of forest in the US cropland expansion.
We now examine the distribution of changes in cropland by rainfed vs. irrigated agriculture. Table 3 shows that in the unconstrained case ethanol production increases mainly global irrigated areas by about 3.7 million hectares (about 98.6% of total). In this experiment regions such as US, EU27, China, and members of Other_CEE_CIS expands their irrigation areas while reduce their rainfed activities. On the other hand in this experiment some regions such as Brazil, Canada, and Sub Saharan Africa increase their irrigated and rainfed areas together.
The irrigation constraint reduces the global irrigated areas from 3.7 million hectares to 1.3 million hectares and increases the global rainfed areas from a negligible magnitude to 3.2 million hectares. In the constrained case the EU27 expands its irrigated areas by 1.1 million hectares. In this case most of the regions mainly expand their rainfed areas.
While tables 1 to 3 show the overall land use impacts of ethanol production under alternative assumptions about the potential for irrigation expansion, the picture at the AEZ level is more complex. To examine the impacts of the irrigation constraint on the geographic pattern of land use within US, consider Table 4 which reports differences between the changes in the cropland areas of this region by AEZ obtained from the unconstrained and constrained cases.
This table indicates that, when there is no irrigation constraint, the irrigated areas in AEZ7 and AEZ8 go up significantly in response to higher demand for corn. About 50% of US irrigated area resides in these two AEZs where the yield difference between irrigated and rainfed cropping activities is very high. Hence, when there is no irrigation constraint, ethanol production converts rainfed areas to irrigated areas in these two AEZs. On the other hand as shown in table 4, ethanol production changes irrigated areas barely in AEZ9, AEZ10, and AEZ11. These AEZs mainly represent the Midwest of US where rainfed cropping activities are very fertile and irrigation contributes only modestly to yield increases. In general, expansion in corn demand increases corn supply at the costs of reduction in the productions of other crops. In this process when there is no irrigation constraint, the irrigated corn industry expands its production in the areas where irrigation significantly contributes to production (i.e. AEZs 7 and 8). On the other hand the rainfed corn industry mainly expands its activities in Midwest where irrigation is not an issue.
When irrigation is constrained, the irrigated corn industry cannot expand its activities in the AEZs where irrigation is critical to production. On the other hand, in the rainfed AEZs, the profitability of irrigated agriculture does not rise as sharply as for rainfed production and therefore, irrigated area does not experience the same strong expansion. Instead, as shown in table 4, it is the rainfed corn industry that expands strongly in this area.
Maps 2 also report the change in cropland cover across the world owing to increased ethanol production in the US for the unconstrained and constrained cases. In these maps figures represent changes in harvested irrigated and rainfed areas at the Region/AEZ level. These maps illustrate that the irrigation constraint significantly alters the geographical distribution of irrigated and rainfed areas across the world.
Land use emissions
To calculate land use emissions due to the US ethanol production for the cases developed in this paper we rely on the land use emissions factors provided by Plevin et al. (2011) . . This is about one fourth of the forest emissions factor in this AEZ.
The model developed by Plevin et al. (2011) . This means that the existing water scarcity adds 27.5% to the emissions due to land use changes induced by ethanol expansion. As shown in table 6 the constrained case also generates 27.5% more emissions compared to the mingled case where we only consider the mixed of irrigated and rainfed cropland. This means that earlier studies, which failed to distinguish rainfed from irrigated land, likely underestimated induced land use emissions due to ethanol production more than one-fifth.
Conclusions
In recent years numerous studies have examined the global land use changes and consequent emissions due to biofuel expansion across the world. These studies have effectively considered all cropland as being rainfed; thereby ignoring the role of irrigation in biofuelinduced land use changes. This paper develops a new general equilibrium framework which disaggregates irrigated and rainfed cropping industries to examine the role of potential irrigation constraints in biofuel induced land use changes. This study shows that models which ignore the role of irrigation and mingled irrigated and rainfed areas tend to systematically underestimate the induced land use changes due to US ethanol program by about 5.7%. The results also indicate that expansion of irrigation could reduce the size of land requirement for ethanol production up to 18%. The model which ignores the role of irrigation in crop production also under-estimates induced land use emissions due to ethanol expansion by more than one-fifth. In this appendix, we explain the process we followed to split the SAGE data set on harvested area and crop production documented in Monfreda et al. (2009) into irrigated and rainfed categories. To achieve this goal we used Siebert and Döll (2010) We then matched S-D grid cells with the GTAP-AEZ profile at the grid cell to aggregate harvested areas and quantities of crops up to country by AEZ level. The mapping schedule presented in Table A1 was then used to match the S-D 29 crop categories with SAGE crop categories aggregated to 8 crop categories which we use in GTAP Data Base. Using this mapping schedule we aggregated the S-D data set to the 8 SAGE /GTAP crop categories. Then we used the following relationships to split harvested area and crop production of SAGE/GTAP data into irrigated and rainfed categories: Finally, the results obtained from the above step are aggregated to the 19 model regions which we use in this paper. Tables A2 and A3 report the results of this splitting process for harvested areas and crop production by irrigation type by the 19 regions which we use in this paper. 
